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Methylation of Histone H3 at Lys-9 Is an Early
Mark on the X Chromosome during X Inactivation
Heard, 2001). A key player in the cis-acting function
of the Xic is the Xist gene. Xist produces a nuclear,
untranslated RNA that is expressed uniquely from the
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inactive X chromosome, coating it in cis (Brockdorff et1 Cold Spring Harbor Laboratory
al., 1991; Brown et al., 1992). Prior to the onset of XCold Spring Harbor, New York 11724
inactivation in female mouse embryos and ES cells, Xist2 Pasteur Institute
is expressed at low levels from every X chromosome,25 rue du Docteur Roux
together with an overlapping antisense transcript, TsixParis 75724 Cedex 15
(see Maxfield Boumil and Lee, 2001, for review). WhenFrance
initiation of X inactivation is induced during differentia-3 Department of Biochemistry
tion, Xist transcript levels are upregulated from the chro-and Molecular Genetics
mosome that will become the inactive X (Sheardown etUniversity of Virginia Health System
al., 1997; Panning et al. 1997), while Tsix expression,Charlottesville, Virginia 22908
which may have a repressive role, is downregulated (Lee
and Lu, 1999; Morey et al., 2001). Targeted deletions of
the Xist gene (Penny et al., 1996; Marahrens et al., 1997)Summary
and inducible cDNA transgenes (Wutz and Jaenisch,
2000) have demonstrated that the Xist transcript is es-Coating of the X chromosome by Xist RNA is an essen-
sential for the initiation of X inactivation in cis. Xist RNAtial trigger for X inactivation. However, little is known
coating of the X chromosome is the earliest known eventabout the early chromatin remodeling events that
in the X inactivation process, occurring within 24–48 hrtransform this signal into transcriptional silencing.
after induction of ES cell differentiation. Gene silencingHere we report that methylation of histone H3 lysine
along the length of the X chromosome rapidly ensues,9 on the inactive X chromosome occurs immediately
within approximately 24 hr (Wutz and Jaenisch, 2000).after Xist RNA coating and before transcriptional inac-
This suggests that the Xist transcript is directly responsi-tivation of X-linked genes. X-chromosomal H3 Lys-9
ble for the recruitment of factors that mediate this tran-methylation occurs during the same window of time
scriptional shutdown, albeit in a developmentally regu-as H3 Lys-9 hypoacetylation and H3 Lys-4 hypomethyl-
lated manner and within a defined window of time. Atation. Histone H3 modifications thus represent the ear-
later stages of differentiation, induction of Xist RNAliest known chromatin changes during X inactivation.
coating no longer triggers inactivation (Wutz and Jaen-We also identify a unique “hotspot” of H3 Lys-9 methyl-
isch, 2000), suggesting either that the protein partnersation 5 to Xist, and we propose that this acts as a
of Xist that mediate silencing are no longer present ornucleation center for Xist RNA-dependent spread of
competent or that the chromatin of the X chromosome
inactivation along the X chromosome via H3 Lys-9
has become remodeled to resist their effects.
methylation.
Nothing is known about the partners, protein or nu-
cleic acid, of the Xist transcript that enable it to coat a
Introduction chromosome in cis or about the chromatin remodeling
that is induced by this association, bringing about the
In female mammals, one of the two X chromosomes is transcriptional silencing of several thousand genes on
converted from an active euchromatic state into tran- the X chromosome. Given the cis-limited function of the
scriptionally inert heterochromatin by a process known Xist transcript in propagating X inactivation, Xist RNA
as X chromosome inactivation. This results in the tran- has been proposed to bind high-affinity sites (nucleation
scriptional silencing of several thousand genes and en- centers) close to the Xic and elsewhere on the chromo-
sures dosage compensation for X-linked gene products some, thereby inducing local heterochromatinization,
between XX females and XY males (Lyon, 1961). X inacti- which can then spread in a cooperative manner (McBur-
vation is tightly coupled to cellular differentiation during ney, 1988; Riggs et al., 1985). However, the nature of
early embryogenesis. Female embryonic stem (ES) cells, the spreading signal at the chromatin level is unknown.
therefore, represent a useful model system with which Features that distinguish the inactive X chromosome
to study this process, since X inactivation occurs spon- from its active homolog in somatic cells (such as its
taneously when differentiation is induced in vitro (Rastan condensed appearance in interphase nuclei, its late rep-
and Robertson, 1985). lication during S phase, the methylation of CpG islands
X inactivation is controlled by a unique locus, the associated with house-keeping genes, the hypoacetyla-
tion of histones H3 and H4 [Jeppesen and Turner, 1993;X inactivation center (Xic), which is essential for the
Gilbert and Sharp, 1999; Boggs et al., 1996], and itsdevelopmentally regulated initiation and spread of inac-
enrichment in a histone H2A variant, macro-H2A.1 [Cos-tivation along the X chromosome (reviewed in Avner and
tanzi and Pehrson, 1998]) might provide possible clues.
However, kinetic studies on differentiating female ES4 Correspondence: edith.heard@curie.fr
cells have shown that all of the chromatin modifications5 Present address: Centre National de la Recherche Scientifique
examined to date, i.e., histone H4 hypoacetylation andUMR 218, Curie Institute, 26 rue d’Ulm, 75248 Paris Cedex 05,
France. DNA methylation (Keohane et al., 1996; O’Neill et al.,
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1999) as well as macroH2A enrichment (Mermoud et al., its partners. Studies involving single copy and multicopy
Xic transgenes support this notion.1999; Rasmussen et al., 2000), are relatively late events
in the X inactivation process, occurring well after Xist
ResultsRNA coating and transcriptional inactivation. These epi-
genetic marks appear instead to be involved in main-
Histone Modification Profile of the Inactive Xtaining the inactive state in a synergistic manner,
Chromosome in Somatic Cellsthrough the hundreds of cell divisions in somatic cells
As a starting point for our studies on the kinetics of(Csankovski et al., 2001). Thus, the nature of the early
histone modifications during X inactivation, we exam-changes in chromatin structure that lead to the tran-
ined histone H3 and H4 modifications on the inactivescriptional shutdown of genes during X inactivation re-
X chromosome in female mouse embryonic fibroblastsmains an open question.
(MEFs, passage 3–4). In interphase cells, Xist RNA coatsCovalent modifications of histones such as acetyla-
the territory of the inactive X chromosome, allowing itstion, methylation, and phosphorylation represent an im-
unequivocal identification. Xist RNA FISH followed byportant means of epigenetic control in eukaryotes, en-
immunofluorescence (immuno-RNA FISH) was per-abling heritable but reversible changes in gene
formed on interphase cells, and representative imagesexpression (Jenuwein and Allis, 2001). Different combi-
of the patterns obtained are shown in Figure 1. Experi-nations of these modifications may act synergistically
ments where immunofluorescence was not precededor antagonistically to enable finely tuned gene regulation
by RNA FISH were performed in parallel to ensure thatin response to specific developmental or cellular cues
the immunofluorescence was not disturbed by the FISH(reviewed in Cheung et al., 2000). These concepts form
procedure (data not shown). The inactive, Xist RNA-the basis of a “histone code” hypothesis (Strahl and
coated X chromosome (Figures 1A–1D) was clearly as-Allis, 2000). One such modification, methylation at Lys-9
sociated with H3 histones methylated at Lys-9 in mostof histone H3, has recently been shown to be a marker
interphase cells. This could not simply be attributed toof heterochromatin from yeast to mouse (Rea et al.,
the more condensed state of the inactive X chromo-2000). Methylated H3 Lys-9 provides a binding site for
some, since the intensity of the immunofluorescenceheterochromatin-associated proteins, such as the Swi6
signal did not systematically correlate with the intensityprotein in Schizosaccharomyces pombe or HP1 proteins
of the DAPI (DNA) signal. In contrast to its enrichmentin mouse, through a docking module, the chromo do-
for methylated H3 Lys-9, the inactive X chromosomemain (Jenuwein and Allis, 2001). Such proteins are
was globally hypoacetylated at this residue (Figures 1E–thought to be involved in establishing and maintaining
1H). This is consistent with acetylation and methylationheterochromatin through their self-associating proper-
of H3 Lys-9 being mutually exclusive states (Rea et al.,ties (Eissenberg and Elgin, 2000). Furthermore, the his-
2000). The inactive X chromosome was also found to betone methyltransferase (HMTase) enzyme responsible
globally hypomethylated at Lys-4 of histone H3 (Figuresfor methylation of the H3 Lys-9 residue (Rea et al., 2000)
1I–1L) and hypoacetylated at histone H4 (Figureshas a chromo domain itself which interacts with the HP1
1M–1P).protein (Aagaard et al., 1999; Nielsen et al., 2001). These
The H3 Lys-9 methylation status of the inactive Xinteractions suggest that the recruitment of HMTases via
chromosome was examined at the molecular level bythe H3 methyl Lys-9 mark and/or the HP1-type proteins
ChIP analysis of several X-linked genes. Chromatin frombound to them might be involved in the spreading of
male and female MEFs was immunoprecipitated withthe inactive state across a region and could also provide
an antibody against Lys-9-methylated H3, and the im-a stable epigenetic mark of the inactive state throughout
munoprecipitated DNA was analyzed by real-time PCR,the cell cycle (Nakayama et al., 2001).
using primers positioned across the promoters andHere, we sought to determine whether histone H3
within the bodies (exonic regions) of the G6pd andLys-9 methylation could be implicated in the initiation
MeCP2 genes (Figure 1Q). In the promoter regions of
and propagation of X inactivation. We have identified a
G6pd and MeCP2, a striking enrichment (20-fold) of
constitutive and uniquely enriched “hotspot” of H3 Lys-9
methylated H3 Lys-9 is found in females compared to
methylation located upstream of the Xist gene, and we males. The minimal H3 Lys-9 methylation found at these
demonstrate that chromosome-wide methylation of H3 promoters in male cells (close to background, see Myc
Lys-9 is a very early event in the X inactivation process, control, Figure 1Q) indicates that the high levels in fe-
occurring simultaneously with or immediately after the male cells are specific to the inactive X chromosome.
coating of the X chromosome by Xist RNA. Hypoacetyla- A similar degree of female-specific enrichment was
tion of H3 Lys-9 and hypomethylation of H3 Lys-4 occur found in an intergenic region located 5 to G6pd (data
with the same kinetics as H3 Lys-9 methylation. These not shown). Within the bodies of these genes, high levels
three histone H3 modifications therefore represent the of H3 Lys-9 methylation were found, although this is
earliest known chromatin changes in the X inactivation apparently not specific to the inactive X chromosome,
process. Importantly, transcriptional inactivation occurs as it was found in both male and female cells. The ap-
subsequent to X chromosome-wide H3 Lys-9 methyla- proximately 2-fold higher levels seen in the bodies of
tion. We propose that H3 Lys-9 methylation and the genes in female cells presumably reflect the presence
factors that bind to it constitute the “spreading signal” of two X chromosomes versus one in male cells. Intrigu-
responsible for propagating the inactive state along the ingly, this suggests that whereas H3 Lys-9 methylation
X chromosome under the action of the Xist transcript. at the promoters of X-linked genes correlates with tran-
In this context, the hotspot of H3 Lys-9 methylation at scriptional inactivity, within the bodies of these genes
the Xic may represent a nucleation center that facilitates this H3 modification does not interfere with tran-
scription.the spreading of inactivation in response to Xist RNA and
Histone H3 Modifications During X Inactivation
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Figure 1. Histone Tail Modifications on the
Inactive X Chromosome in Female Mouse
Embryonic Fibroblasts
(A–P) Xist RNA FISH (Spectrum Green, green)
combined with immunofluorescence (Texas
Red, red) on female mouse embryonic fibro-
blasts. DNA is stained with DAPI (blue). Anti-
bodies used for immunofluorescence are
(A–D) anti-dimethyl Lys-9 of histone H3
[Me(Lys9) H3], (E–H) anti-acetyl Lys-9 of his-
tone H3 [Ac(Lys9) H3], (I–L) anti-methyl Lys-4
of histone H3 [Me(Lys-4) H3], (M–P) anti-ace-
tyl H4 (Ac H4). The percentage of interphase
nuclei in which such a pattern was observed
is indicated. Experiments where primary anti-
body was omitted controlled for the quality
and confirmed the specificity of the immuno-
fluorescence pattern in each case (data not
shown). The bar equals 5 m.
(Q) ChIP analysis on male and female mouse
embryonic fibroblasts using anti-histone H3
dimethyl Lys-9 antibody. Immunoprecipi-
tated DNA was analyzed by real-time PCR
using primers in the Xist/Tsix region (X3, 7
kb 5 to the Xist P1 promoter; X1, Xist P1
promoter; Xg, Xist exon/intron 4; X14, Tsix
promoter); in G6pd (G4, G6pd promoter; G6,
G6pd exon 13); in MeCP2 (Me4, MeCP2 pro-
moter; Me2, MeCP2 exon 4); and in the Myc
promoter region (Myc4) as a negative control
for a non-X-linked gene. Myc is expressed in
fibroblasts and therefore not expected to be
H3 Lys-9 methylated. Positions of these prim-
ers relative to the gene’s promoter/exons are
indicated. Real-time PCR quantification gives
a value corresponding to the amount of target
DNA present in each PCR amplification (see
Experimental Procedures). The percentage of
immunoprecipitation (%IP) for each primer
pair is calculated by dividing the value of the
IP by that of the input. The graph represents
the %IP obtained at each position in one rep-
resentative experiment, for male (blue) and
female (pink) fibroblasts. Given that (for an
equal amount of chromatin) the input value
for X-linked primers in females (two X) is ex-
pected to be twice that of males (one X), the
%IP in female samples was calculated after
dividing the input value by two, to enable a
better comparison of male/female results.
The Xic Is Marked by a Hotspot of H3 Lys-9 ping Xist and Tsix primary transcripts can be visualized
by RNA FISH as a punctate signal at the site of each XistMethylation that Precedes Early
Chromosome-Wide H3 Lys-9 Methylation allele in undifferentiated ES cells. Immunofluorescent
staining for H3 Lys-9 methylation performed after XistIn order to assess the potential involvement of histone
H3 Lys-9 methylation in the establishment of X inactiva- RNA FISH in undifferentiated female ES cells revealed
a striking enrichment or hotspot of H3 Lys-9 methylationtion, we examined its pattern on the X chromosome in
female ES cells before and after differentiation. Using a at the site of, or immediately adjacent to, the Xist/Tsix
RNA signal. This hotspot could clearly be seen at oneDNA probe spanning 19 kb of the Xist gene, the overlap-
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or both Xist loci in 46% (n  83) of undifferentiated
female ES cells (Figures 2A–2C) and at the site of the
single Xist locus in undifferentiated male Efc1 ES cells
(data not shown). Upon differentiation, this hotspot of
H3 Lys-9 methylation persisted on the X chromosome
that remained active (see Figures 2D and 2G). In fact,
the proportion of cells in which it could be detected
increased from 46% at day 0 to over 90% of cells at
day 2 and subsequently dropped to lower levels (23%
by day 5). In about 25% of cells with an H3 Lys-9 methyl-
ation hotspot, the immunofluorescence and Xist/Tsix
RNA signals could actually be resolved (see inset, Figure
2C), implying that the region of hypermethylation does
not coincide with the region used to probe Xist, but lies
either upstream or downstream of it. Since the same
degree of resolution, if not greater, was found between
the Brx transcript signal (located 65 kb downstream of
Xist, see below) and the H3 methyl K9 hotspot (data not
shown), the hotspot is predicted to lie upstream of Xist.
We next examined the time of onset of X chromo-
some-wide H3 Lys-9 methylation during the initiation of
X inactivation. When differentiation is induced in female
ES cells, stable Xist RNA begins to accumulate at one
allele (the future inactive X chromosome) within 24–48
hr and is visualized by RNA FISH first as a cluster of
pinpoints scattered around the more intense primary
transcript signal and subsequently as a more dense
signal covering the length of the entire X chromosome.
On the X chromosome that remains active, transcription
of Xist/Tsix (visualized as a punctate RNA signal) contin-
ues for 6–7 days before being extinguished.
Female ES cells were induced to differentiate using
all-trans-retinoic acid and then assayed at daily intervals
using immuno-RNA FISH, over a period of 5–8 days.
Differentiation was monitored using RNA FISH to follow
the downregulation of Oct4 expression, a marker for
undifferentiated ES cells (Nichols et al., 1998) (data not
shown). In undifferentiated ES cells (day 0), no signs of
Xist RNA accumulation were found, as expected (n 
500). By day 1 of differentiation, Xist RNA accumulation
was detected in up to 14% of cells (n 500), and enrich-
ment for H3 Lys-9 methylation at the site of this Xist
RNA accumulation was found in over 30% of cells even
at this early stage (Figures 2D–2F). The X-chromosomal
Figure 2. X Chromosome Methylation at Lys-9 of Histone H3 in enrichment in H3 Lys-9 methylation was found in an
Female ES Cells increasing proportion of cells as differentiation pro-
Immunofluorescent detection of histone H3 Lys-9 methylation gressed and as the Xist RNA coating signal became
[Me(Lys9) H3] (Texas Red, red) combined with Xist RNA FISH in
more dense (Figures 2G–2I). By day 4, the proportion offemale ES cells before (A–C, day 0) and during differentiation (D–I).
cells had increased to the levels found in fibroblasts(A–C) Intense pinpoints of methylated H3 Lys-9 colocalize with the
(over 80%) (Figure 3) and was maintained at later differ-punctate Xist/Tsix RNA signals in undifferentiated ES cells.
(D–I) Upon differentiation, this methylated H3 Lys-9 signal remains entiation stages (up to day 8, data not shown). H3 Lys-9
associated with the punctate Xist/Tsix RNA signal. In (D)–(F), an exam- methylation enrichment was never found without associ-
ple is shown of the earliest signs of accumulating Xist RNA on the X ated Xist RNA accumulation, and the size of the H3
chromosome, after 1–2 days of differentiation, where an enrichment
Lys-9 methylation signal was always less or equal tofor methylated H3 Lys-9 can already be seen.
that of the Xist RNA domain (e.g., Figures 2D–2F), indi-(G–I) Typical pattern of enrichment for methylated H3 Lys-9 colocalizing
cating that chromosome-wide methylation of H3 Lys-9with the Xist RNA-coated chromosome, seen from day 3 onward.
(J–L) Male ES cell line containing a single-copy Xic transgene at coincides with or immediately follows Xist RNA coating.
day 2 of differentiation. Only one of the two punctate Xist signals
colocalizes with a hotspot of H3 Lys-9 methylation, unlike female
ChIP Analysis of H3 Lys-9 Methylation on the XES cells where most nuclei contain two hotspots of H3 Lys-9 methyl-
Chromosome during ES Cell Differentiationation at this stage.
To determine whether the X chromosome-wide H3 Lys-9(M–O) Male ES cell line containing a multicopy Xic transgene at day
2 of differentiation. The accumulating Xist RNA signal colocalizes with methylation observed by immunofluorescence during
a H3 Lys-9 methylation signal, as in female cells. The bar equals 5 m. female ES cell differentiation corresponded to changes
Histone H3 Modifications During X Inactivation
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differentiation, a 2-fold increase in H3 Lys-9 methylation
was observed within the promoters and bodies of both
genes. This modest increase appears to be significant,
as it was consistently observed in repeated differentia-
tions. Nevertheless, this occurs later than the chromo-
some-wide phenomenon observed by immunofluores-
cence, implying that the sequences responsible for the
early accumulation of H3 histones methylated at Lys-9
lie elsewhere on the X chromosome.
In order to investigate the H3 Lys-9 methylation across
the Xist/Tsix region, we performed ChIP analysis in fe-
male ES cells and their differentiated derivatives, using
primers located in the promoters and in the bodies of
the Xist and Tsix genes, as well as in a region located
several kilobases 5 to the Xist P1 promoter. H3 Lys-9
methylation levels within the promoters and body of the
Figure 3. Kinetics of Histone Tail Modifications on the Inactive X Xist /Tsix genes were low in undifferentiated ES cells,
Chromosome during the Intitiation of X Inactivation
but rose in the body of Xist/Tsix from day 3 onward,
The frequencies with which histone modifications appear on the resembling those found in female fibroblasts by day 5
inactivating X chromosome (as assessed using immuno-RNA FISH
(Figure 1Q) and even more so by day 10 (data not shown).shown in Figures 2 and 5) are shown through five days of differentia-
In fibroblasts, the Tsix promoter is slightly methylatedtion. Differentiating female LF2 ES cells were scored for hypoacet-
ylation at H3 Lys-9, methylation at H3 Lys-9, hypomethylation at on both X chromosomes, in agreement with the fact
H3 Lys-4, and hypoacetylation at H4 lysines at sites of Xist RNA that both alleles of Tsix are silent. At the Xist promoter,
accumulation on the X chromosome. Percentages were calculated however, H3 Lys-9 methylation levels are not signifi-
by counting between 50 and 200 cells for each antibody used at each cantly different between male and female fibroblasts
time point and averaged from three independent differentiations.
(Figure 1Q), which is consistent with specific H3 Lys-9Similar data was obtained using a second female ES cell line HP310.
methylation of the silent Xist gene promoter on the active
X chromosome present in both sexes.
in the H3 Lys-9 methylation status of genes, we per- Within the Xist/Tsix region, the highest levels of H3
formed ChIP analysis on the G6pd and MeCP2 genes Lys-9 methylation were found at a position 7 kb up-
(Figure 4B). We found that H3 Lys-9 methylation levels stream of the Xist promoter (X3; Figure 4A), which pre-
in both genes consistently dropped at day 2 of differenti- sumably corresponded to part of the H3 Lys-9 methyla-
tion hotspot predicted by immuno-RNA FISH. A highation before rising again from day 3 onward. By day 5 of
Figure 4. ChIP Analysis of H3 Lys-9 Methylation in Undifferentiated and Differentiated Female ES Cells
(A and B) Sonicated chromatin from undifferentiated (day 0) and differentiated LF2 cells (day 1 to day 5) was immunoprecipitated with the
anti-histone H3 dimethyl Lys-9 antibody, and the immunoprecipitated DNA was analyzed with primers located (A) in the Xist/Tsix region and
(B) in the G6pd and MeCP2 genes. The positions of the primers used are shown below each graph. The graphs represent the %IP (see Figure
1Q and Experimental Procedures) obtained for each day of differentiation. ES cell differentiations were repeated three times, and a representative
example is shown.
(C) Similar ChIP analysis of undifferentiated ES cells, using primers spanning a 150 kb region 5 to Xist. Positions of primer pairs relative to
the Xist P1 promoter are indicated.
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level of H3 Lys-9 methylation in this region was found
in undifferentiated ES cells. This increased slightly at
early stages of differentiation (days 2–4, Figure 4A), con-
sistent with the increase observed by immunofluores-
cence (see above). H3 Lys-9 methylation in this region
was also maintained at relatively high levels in male and
female fibroblasts (Figure 1Q).
Molecular and Functional Definition of the H3
Lys-9 Methylation Hotspot Upstream of Xist
Based on the size of the immunofluorescence signal
of the H3 Lys-9 methylation hotspot and our ability to
frequently resolve it from the Xist RNA punctate signal
(see Figure 2C), the hotspot was predicted to span a
much larger region than the one detected by ChIP just
7 kb 5 to Xist (X3). We therefore extended our ChIP
analysis across a 150 kb region upstream of Xist (based
on sequence from C. Chureau, M. Prissette, A. Bourdet,
L. Jones, A. Eggen, P.A., and L. Duret, unpublished data)
in undifferentiated female ES cells. A high enrichment
in H3 Lys-9 methylation was indeed detected across a
100 kb region (see Figure 4C). Furthermore, the levels
of methylation in this extended region were even higher
than that seen at position X3, reaching a peak at position
C21 (55 kb 5 to Xist). The H3 Lys-9 methylation level
at this position was 6-fold higher than that of X3 and
30-fold higher than that of the Xist promoter region (X1).
The most upstream position tested (XC1, 150 kb)
showed a basal level of H3 Lys-9 methylation, compara-
ble to that of X1. This places the upstream boundary of
the hotspot between 90 kb and 150 kb 5 to Xist.
Next, we addressed the function of the H3 Lys-9 meth-
ylation hotspot in X inactivation initiation by testing for
its presence, using immuno-RNA FISH, in several male
ES cell lines containing single or multiple copies of a
YAC transgene (with approximately 130 kb of sequence
upstream of Xist) from the Xic region. Multicopy arrays
of such transgenes are capable of inducing X inactiva-
tion in ES cells (Lee et al., 1996; Heard et al., 1999).
Single-copy transgenes, on the other hand, can express
the unstable Xist transcript in undifferentiated cells but
are incapable of showing Xist RNA coating and tran-
scriptional inactivation upon differentiation (Heard et al.,
1999). In undifferentiated ES cells, two H3 methyl Lys-9
hotspots could be visualized both in single-copy and
multicopy transgenic lines (two single-copy and two
(D–F) At later time points (day 3 onward), H3 Lys-9 hypoacetylation
colocalizes with Xist RNA domains in an increasing proportion of
cells during differentiation.
(G–I) At early differentiation time points (days 1–2), exclusion of
methyl Lys-4 on H3 (hypomethylation) is seen at the site of accumu-
lating Xist RNA in some cells.
(J–L) At later time points (day 3 onward), exclusion of methylated
Figure 5. Hypoacetylation of Histone H3 Lys-9, Hypomethylation H3 Lys-4 from Xist RNA domains is observed in an increasing pro-
of H3 Lys-4, and Hypoacetylation of H4 During X Inactivation in portion of cells.
Differentiating ES Cells (M–O) At early stages of differentiation (days 1–2), histone H4 lysine
Immunofluorescent detection of acetylated H3 Lys-9 (A–C), methyl- acetylation is still visible on the Xist RNA-coated X chromosome in
ated H3 Lys-4 (G–L), and acetylated H4 modifications (M–R) (Texas the majority of cells, even when the Xist RNA signal is dense (see
Red, red) combined with Xist RNA FISH (Spectrum Green, green) in arrowhead; note that the overlapping red and green signals appear
female ES cells during differentiation. yellow).
(A–C) At early differentiation time points (days 1–2), exclusion of H3 (P–R) At later differentiation stages (e.g., day 4 is shown) clear exclu-
acetyl Lys-9 signal (hypoacetylation) is seen at the site of accumulat- sion of acetylated H4 from the Xist RNA domain is observed. The
ing Xist RNA in some cells. bar equals 5 m.
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multicopy lines were tested). However, as differentiation Transcriptional Silencing of X-Linked Genes
Follows Chromosome-Wide Histone H3proceeded, only multicopy transgenic lines retained two
Lys-9 Methylationhotspots and were able to form a H3 Lys-9 methylation
Given the early appearance of global histone H3 Lys-9domain as Xist RNA accumulated (Figures 2M–2O), simi-
methylation on the Xist RNA-coated X chromosome, welarly to female ES cells. In contrast, only one hotspot
wished to determine when transcriptional inactivationcould be detected in single-copy lines during early dif-
of X-linked genes occurred relative to H3 Lys-9 methyla-ferentiation (Figures 2J–2L), and this presumably corre-
tion. Two genes were examined, Brx (located about 100sponded to the endogenous X chromosome, as in male
kb 3 to Xist) and Mecp2 (located several Mb away fromcells. In no case was H3 Lys-9 methylation found to
Xist), both of which are subject to X inactivation duringaccumulate in single-copy lines. The incapacity of sin-
ES cell differentiation (Clerc and Avner, 1998). In ordergle-copy transgenes to induce Xist accumulation, there-
to assess the three variables of interest (Xist RNA coat-fore, correlates with their inability to retain or spread H3
ing, H3 Lys-9 methylation, and Mecp2 or Brx expression)Lys-9 methylation.
simultaneously and at the single-cell level, we performed
a double RNA FISH/immunofluorescence analysis in dif-Chromosome-Wide H3 Lys-9 Methylation Is
ferentiating female ES cells. The efficiency of primaryConcomitant with H3 Lys-9 Hypoacetylation
transcript detection was found to be over 90% for Brxand H3 Lys-4 Hypomethylation
and 70% for Mecp2, as assessed on the active X chro-To determine whether H3 Lys-9 methylation occurs in
mosome. The presence of a Brx or Mecp2 primary tran-concert with other histone H3 modifications, we exam-
script signal could still be detected on the X chromo-ined the kinetics of H3 Lys-9 acetylation and H3 Lys-4
some that was enriched for methylated H3 Lys-9 andmethylation on the X chromosome undergoing inactiva-
coated by Xist RNA in over 60% of nuclei at day 2 oftion. Using differentiating female ES cells as above, an
differentiation (Figures 6A–6F for Brx and Figures 6G–6Jabsence of H3 acetylated Lys-9 could be observed
for Mecp2). By day 4, however, hardly any cells could bewithin the region of accumulating Xist RNA in approxi-
found where Brx or Mecp2 transcription was detectablemately 35% of cells, even at day 1 of differentiation
within a Xist RNA domain (Figures 6K–6N), implying that(Figures 5A–5C). No hypoacetylation was seen around
transcriptional inactivation was essentially complete.the site of the Xist/Tsix pinpoint signal on the active X
The kinetics of Brx and Mecp2 downregulation arechromosome. By day 2, over 50% of cells with Xist RNA
shown in Figure 6O. Our results demonstrate that Xdomains showed clear H3 Lys-9 hypoacetylation at the
chromosome-wide methylation of H3 Lys-9 precedesXist RNA-coated chromosome. By day 4, hypoacetyla-
transcriptional inactivation of both the Brx and Mecp2tion on the Xist RNA-coated X chromosome was seen
genes.in almost 90% of cells, a level similar to that observed
in fibroblasts (Figure 3).
DiscussionSimilar results were found for methylation of H3 Lys-4
(see Figures 5G–5L). An absence of immunofluores-
We have shown that modifications at the N-terminal tailcence signal at the site of Xist RNA accumulation could
of histone H3 are very early events in the X inactivation
be seen in a proportion of cells even at day 1 of differenti-
process. As soon as the X chromosome chosen for inac-
ation (Figures 5G–5I). H3 Lys-4 hypomethylation was
tivation becomes coated by Xist RNA, we find that it
seen on the Xist RNA-coated chromosome in 50% of becomes globally associated with the methylated and
cells by day 2 and in over 90% of cells by day 4. The hypoacetylated forms of H3 at Lys-9, as well as the
timing and kinetics of H3 Lys-9 hypoacetylation and hypomethylated form of H3 at Lys-4. The kinetics of
H3 Lys-4 hypomethylation on the Xist RNA-coated X these changes are very similar, suggesting that they are
chromosome were very similar to those of H3 Lys-9 integrated events. Unlike previously described modifica-
methylation (Figure 3), suggesting that modifications of tions on the inactive X chromosome, such as macroH2A
the H3 histone tail may occur in a coordinate fashion enrichment and histone H4 hypoacetylation (which oc-
during the initiation of X inactivation. cur after transcriptional silencing), the chromosome-
We also tested the kinetics of another well-studied wide changes in histone H3 precede transcriptional
chromatin modification during X inactivation, histone H4 downregulation. As such, we favor the view that H3
hypoacetylation (Keohane et al., 1996). At early stages modifications, notably methylation at Lys-9, are likely
of differentiation (day 1), no hypoacetylation of histone to be directly involved in the chromatin remodeling that
H4 could be seen at the site of the accumulating Xist is induced by the Xist transcript and ultimately result in
RNA signal in the majority of cells (Figures 5M–5O). The the transcriptional shutdown of the X chromosome.
first signs of global H4 hypoacetylation were seen at In contrast to histone H3 modifications, hypoacetyla-
day 2 in a small proportion of cells (15%) with Xist RNA tion of histone H4 on the X chromosome appears to be
domains (Figure 3). This contrasts with histone H3 modi- a later event. In fact, we define its onset as being slightly
fications, which had already reached the 50% level by earlier than previously reported (Keohane et al., 1996),
day 2. However, by day 4 the proportion had gone up although this can probably be explained by differences
to almost 90% of cells with Xist RNA domains (Figures in the techniques used and, more specifically, by the
5P–5R). The kinetics of histone H4 hypoacetylation, analysis of interphase nuclei versus metaphase spreads.
therefore, appear to be different from those of H3 modifi- The later hypoacetylation of histone H4 compared to H3
cations, with the appearance of H4 hypoacetylation lag- Lys-9 methylation/hypoacetylation and Lys-4 hypo-
ging behind H3 modifications initially but then reaching methylation may reflect a more direct involvement of the
H3 tail in the chromosome-wide spread of inactivation.almost maximal levels by day 4.
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The early association of methylated H3 Lys-9 with the
X chromosome undergoing inactivation is particularly
significant in the context of recent reports showing that
this modification is a widespread signature of silent
chromatin (Jenuwein and Allis, 2001). In addition, the
binding of heterochromatin proteins such as HP1 to H3
methyl Lys-9 via a chromodomain, and the ability of HP1
to interact with itself as well as with histone methyltrans-
ferase proteins, could explain how H3 Lys-9 methylation
and the inactive state spread across a region (Nakayama
et al., 2001; Noma et al., 2001). Given the early X chromo-
some-wide enrichment in H3 Lys-9 methylation that we
observe, H3 Lys-9 methylation could similarly be in-
volved in the spread of X inactivation. Thus far, we have
found no evidence for association of HP1 with the inac-
tive X chromosome using several different antibodies
(E.H., unpublished data), suggesting that different, HP1-
like proteins may be involved in spreading X inactivation.
Because the patterns of Xist RNA coating and H3 Lys-9
methylation enrichment are very similar during the onset
of X inactivation (see Figures 6G and 6H), these events
appear to be intimately linked. However, since the Xist
RNA signal is always larger than or equal in size to
the H3 Lys-9 methylation signal and since H3 Lys-9
methylation enrichment on the X chromosome is never
seen without an associated Xist RNA domain (whereas
the inverse can be found at very early stages of differen-
tiation), we believe that Xist RNA coating of the X chro-
mosome occurs first and plays a direct role in the spread
of chromosomal H3 Lys-9 methylation.
Although chromosome-wide enrichment for H3 Lys-9
methylation on the inactivating X chromosome is an
early event, our ChIP data reveals that the H3 Lys-9
hypermethylation of promoters of X-linked genes that
we observe in female somatic cells must occur later.
The initial wave of H3 Lys-9 methylation observed using
immunofluorescence must therefore affect other se-
quences. Such sequences could be “relay elements,”
which might be involved in propagating the X inactiva-
tion signal along the X chromosome (as previously pro-
posed by Riggs et al., 1985; McBurney, 1988) in conjunc-
tion with Xist RNA. What could the nature of such
(A–F) Xist/Brx RNA FISH and H3 Lys-9 methylation immunofluores-
cence in cells at day 3 of differentiation.
(A and B) Methylation at H3 Lys-9 overlaps with the Xist RNA do-
mains in all cells shown.
(C and F) In some cells, Brx transcription can still be detected within
the H3 Lys-9 methylation and Xist RNA domain (arrowhead).
(G–J) Xist/Mecp2 RNA FISH and H3 Lys-9 methylation immunofluo-
rescence at day 3 of differentiation. A Mecp2 RNA signal can be seen
within a domain of Xist RNA and H3 Lys-9 methylation (arrowhead).
(K–N) An interphase cell at day 3 of differentiation, showing an
absence of Mecp2 RNA signal within the domain of H3 Lys-9 methyl-
ation and Xist RNA coating. A Mecp2 signal is visible elsewhere in
Figure 6. Transcriptional Status of X-Linked Genes and Methylation the nucleus, presumably on the active X chromosome. Note that in
at H3 Lys-9 on the Inactivating X Chromosome the merged H3 Lys-9 methylation/Mecp2 RNA images (I and M), the
Differentiating female ES cells were analyzed for transcriptional in- background due to the Mecp2 probe has been digitally reduced.
activation of Brx or Mecp2 relative to Xist RNA coating and methyla- (O) The kinetics of Brx and Mecp2 downregulation. The proportion
tion of H3 Lys-9. Three-color immuno-RNA FISH was performed of cells in which either a Brx (red) or a Mecp2 (blue) RNA signal could
using Xist RNA FISH (Spectrum Green, green) and either Brx or be seen on an X chromosome coated by Xist RNA and enriched in
Mecp2 RNA FISH (Spectrum Red, shown as yellow); this was fol- H3 Lys-9 methylation is shown between days 2–5 of differentiation
lowed by immunofluorescence with anti-dimethl Lys-9 of H3 (Cy5, of LF2 cells. A total of 20–60 cells were scored at each time point.
shown as red). Similar results were obtained with HP310 cells. The bar equals 5 m.
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Figure 7. Schematic Representation of the Order of Events and Possible Role of H3 Lys-9 Methylation on an X Chromosome during the
Initiation of X Inactivation
In undifferentiated ES cells, every X chromosome is active, and Xist and its antisense (Tsix) are expressed at low levels (dotted arrows). A
hotspot of H3 Lys-9 methylation (small red circles) situated upstream of Xist likely binds a chromodomain protein (e.g., an HP1-like factor).
Upon differentiation, a developmental cue upregulates Xist via RNA stabilization and Tsix downregulation. Stabilized Xist transcript accumulates
around its site of transcription and may recruit a developmentally regulated histone deacetylase (HDAC)/methyltransferase (HMTase) complex,
which will preferentially associate with the HP1-like factors bound to the nearby hotspot of H3 Lys-9 methylation. This Xist RNA-dependent
association could then promote spreading of H3 Lys-9 methylation via recruitment of more HP1-like factors and self-association. Other regions
on the X chromosome may also be sites of H3 Lys-9 methylation that will preferentially associate with Xist RNA and the HDAC/HMTase
complex. Initially, X-linked genes are transcribed, even as methylation of H3 Lys-9 spreads across the chromosome, but become silenced
shortly thereafter, presumabely as a result of the heterochromatinized context of the chromosome. Deacetylation of histone H4 occurs
subsequent to H3 Lys-9 methylation and may be a consequence of the heterochromatin-inducing signal. H3 Lys-9 methylation spreads across
the promoter regions of genes on the inactive X but only at later stages of differentiation.
elements be? In Drosophila, where dosage compensa- of X inactivation relay elements. Given its location at the
Xic, its hypermethylation prior to X inactivation, andtion is achieved through the hypertranscription of the
single X chromosome in males, the dosage compensa- the potential role of H3 Lys-9 methylation in spreading
heterochromatin, this hotspot may be a nucleation cen-tion complex (DCC) must initially associate with a limited
number of “entry sites,” in order to then spread to hun- ter from which heterochromatin could spread into neigh-
boring regions. The fact that it is present constitutivelydreds of other locations along the X chromosome (Kelley
and Kuroda, 2000). To date, no conserved motifs have but becomes more enriched in H3 Lys-9 methylation
during the window of time that Xist RNA can inducebeen identified between the DCC entry sites (Kageyama
et al., 2001), underlining the potential heterogeneity of silencing suggests that it can only function as a nucle-
ation center when Xist RNA becomes stabilized andsuch elements and raising the possibility that X inactiva-
tion relay elements may be similarly complex. Candi- starts to accumulate on the X chromosome. Functional
support for this comes from our studies on ES cells withdates include repetitive elements, known to induce het-
erochromatin in several organisms (Henikoff, 1998; Lyon, Xic transgenes. In single-copy transgenes, where Xist
RNA does not accumulate upon differentiation (Heard1998), and origins of DNA replication, as the only other
change known to occur on the inactive X chromosome et al., 1999), the H3 methyl Lys-9 hotspot is not prop-
erly maintained during early differentiation, whereas inwithin about 24 hr of Xist RNA coating is a shift in replica-
tion timing (Keohane et al., 1996). multicopy transgenes, Xist accumulation is associated
with global H3 Lys-9 methylation. An alternative expla-The hotspot of H3 Lys-9 methylation identified up-
stream of Xist might provide some insight into the nature nation for these results could be that the proximal
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15 min at RT, incubated with primary antibody for 45 min at RT,boundary of the hotspot may be absent in the trans-
then rinsed in PBS and incubated with Texas red- or CY-5-conju-genes studied, and single-copy transgenes might there-
gated goat anti-rabbit secondary antibody for 30 min at RT. Allfore be subject to position effects and inefficient mainte-
antibodies were diluted in PBS/0.5% BSA. DNA was counterstained
nance of H3 Lys-9 hypermethylation. for 2 min with DAPI (0.2 mg/ml). Samples were mounted in 90%
Our findings open the way to understanding the mech- glycerol, 10% 1  PBS, 0.1% p-phenylenediamine (Aldrich) (pH 9).
A Zeiss Axioplan 2i fluorescence microscope with an Orca CCDanism involved in the chromosome-wide spread of inac-
camera (Hamamatsu) and Openlab software (Improvision) were usedtivation from the Xic. As shown in Figure 7, we propose
for image acquisition. The probes used to detect Xist RNA were athat association of Xist RNA with the nearby hotspot of
19 kb genomic lambda clone (510) and to detect Brx RNA, lambdaH3 Lys-9 methylation and its bound factors is the initial
clones IIIC2 and IG10 (as described in Heard et al., 1999); Mecp2
event in the spread of the inactivation signal. In this RNA was detected using a plasmid probe (Clerc and Avner, 1998).
context, Xist RNA might recruit a multiprotein complex All antibodies (Upstate Biotechnology) were used at a 1:400 dilution
except the anti-acetyl Lys-9 of histone H3 used at 1:200.including an H3 Lys-9 deacetylase/methyltransferase
and HP1-like proteins. Such a complex would allow
Chromatin Immunoprecipitationspread of the modification into adjacent chromatin and/
ChIP assays were done essentially as described (Boyd et al., 1998).or other relay elements along the X chromosome, ulti-
Briefly, cells were crosslinked with 1% formaldehyde for 15 min at
mately leading to transcriptional inactivation. RT and collected by trypsinization and scraping. Cells were swelled
Our studies of the kinetics of X inactivation during ES in 5 mM Pipes (pH 8), 85 mM KCl, 0.5% NP40 in the presence of
Complete Protease Inhibitor Cocktail (Roche), incubated on ice forcell differentiation suggest that methylation of H3 Lys-9
20 min, and then dounced. Nuclei were collected by centrifugationhas an early role in the onset of X inactivation, as pro-
and resuspended in IP buffer (150 mM NaCl, 2 mM EDTA, 20 mMposed above. The X chromosome becomes globally
Tris-HCl [pH 8], 1% Triton, and 0.1% SDS, Protease inhibitor). Sam-methylated at H3 Lys-9 within the same window of time
ples were sonicated to an average length of 300–1,000 bp and then
(24–72 hr) as that in which Xist RNA-induced silencing microfuged at 15,000 rpm for 1 hr. The chromatin solution was
becomes irreversible (Wutz and Jaenisch, 2000). Thus, precleared by the addition of protein A sepharose blocked with 0.1
g/ml sonicated denatured salmon sperm DNA and 0.5 g/l BSA.methylation of H3 Lys-9 is a candidate for the mitotically
Precleared chromatin was then incubated with 5 l of anti-dimethylheritable mark of the inactive state, especially as it re-
Lys-9 H3 antibody (Upstate Biotechnology) and rotated overnightmains on the inactive X chromosome during mitosis
at 4C. Protein A sepharose, blocked as above, was added, and the(Boggs et al., in press). The late appearance of H3 meth-
incubation continued for 1 hr. Immunoprecipitates were washed
ylation at the promoters of X-linked genes suggests twice with IP buffer, once with IP buffer/500 mM NaCl, once with
that in addition to its potential role in the spread of 10 mM Tris-HCl (pH 8), 0.25 M LiCl, 0.5% NP-40, 0.5% sodium
deoxycholate, and 1 mM EDTA, and twice with TE. Immunoprecipi-the inactivation signal, it may also be involved in the
tated material was eluted from the beads, and the DNA was recov-maintenance, or “locking in” of the transcriptional inac-
ered as described (Dudley et al., 1999). An aliquot of the sonicatedtivity of X-linked genes.
chromatin was treated identically for use as the “Input.”In conclusion, our findings provide novel insights into
Quantitative Analysis
the dynamic changes in chromatin structure that are The IP DNA and a 1/100 dilution of the input DNA were analyzed
induced by the Xist transcript during X inactivation. In by real-time PCR using SYBR Green Universal Mix and an ABI Prism
7700 (Perkin Elmer Applied Biosystem). Each PCR was run in quad-particular, methylation of H3 Lys-9 is likely to be an
riplicate to control for PCR variation. The endpoint used in real-timeimportant epigenetic mark both for the initial silencing
PCR quantification, Ct, is defined as the PCR cycle number thatprocess that spreads from the Xic as well as for the
crosses an arbitrarily placed signal threshold and is a function ofmitotically heritable transmission of the inactive state,
the amount of target DNA present in the starting material. Quantifica-
once it is established. tion was determined by applying the 2Ct formula and calculating the
average of the four values obtained for each sample. To standardize
Experimental Procedures each experiment, the results are represented as a percentage of
immunoprecipitation, calculated by dividing the average value of
Cell Culture the IP by the average value of the corresponding input, both values
Mouse fibroblasts were prepared from 13.5-day-old embryos and first being normalized by the dilution factor. In the case of embryonic
cultured as described (Hogan et al., 1994). ES cell lines were grown fibroblasts, for an equal amount of chromatin, the input value for
in DMEM (GIBCO), 15% fetal calf serum (FCS, ES cell grade, GIBCO), X-linked primers in female is expected to be twice that of male (due
and 1000 U/ml LIF (Chemicon). Female LF2 and male Efc1 ES cells to the presence of two X chromosomes versus one). For this reason,
were cultured on gelatin-coated glass coverslips in the absence of and to better compare male/female results, the IP percentage in
feeder cells (Smith, 1991). Female HP310 and transgenic ES cells female samples was calculated after dividing the input value by two.
were cultured on Mitomycin C-treated male embryonic fibroblast Each experiment was repeated on independent chromatin extracts
feeder cells as described (Heard et al., 1999). Differentiation was a total of 3–4 times.
induced using 100 nM all-trans-retinoic acid (in DMEM, 10% FCS Primer Sequences
without LIF [Smith, 1991; Wutz and Jaenisch, 2000]), which was Primer sequences are as follows: XC1Up, acggtgagatcttccggtga;
added for the first 3 days of differentiation. The medium was XC1Lo, aagcgaccatttccatctaagc; C15Up, ccctcaggcccaaatatcag;
changed daily throughout differentiation. C15Lo, aaatccactggccaccctct; C19Up, ggggcagagcctagaccaaa;
C19Lo, cactggcatccccattaggg; C21Up, acaggctgtgaaccagagtacc;
Preparation of Cells for RNA FISH and C21Lo, acaggaatgtaggattcaccaa; C24Up, cgaaaacaactatgctggcatg;
Immunofluorescence Analysis C24Lo, ggaagacctccatagctggcat; X3Up, gcttcacaaggtaaccaacca;
Fibroblasts or ES cells were cultured on gelatin-coated glass cov- X3Lo, tgcacagtcaagcaggagtt; X1Up, taaaggtccaataagatgtcagaa;
erslips, fixed in 4% formaldehyde in PBS for 15 min., then permeabil- X1Lo, ggagagaaaccacggaagaa; XgUp, ggttctctctccagaagctaggaaag;
ized on ice in PBS containing 0.5% Triton X-100 for 4 min and rinsed XgLo, gctactcacttgtgtattatatggcatga; X14Up, gcgcttgcaggtacttttg;
in PBS. For RNA FISH, cells were then rinsed twice in 2 SSC; RNA X14Lo, aagagccttaggtcccgcc; G4Up, gggccagcgaagcttagc; G4Lo, gcc
FISH and washes were performed as described (Heard et al., 1999) aaacacgttcacagatctg; G6Up, gccacccatctttccacaag; G6Lo, gggcagac
using DNA probes labeled with Spectrum Red or Green dUTP (Vysis, tgataggcattctt; Me4Up, gaactcctgccaattgaggg; Me4Lo, cttcattggttgtg
Downer Grove, IL). For immunofluorescence after RNA FISH, prepa- gagccc; Me2Up, agtcttccatacggtctgtgca; Me2Lo, cttcccgcttttctcacc
aag; Myc4Up, gacgcttggcgggaaaa; and Myc4Lo, ctctgcacacacggctctt.rations were rinsed in PBS, blocked in 0.5% BSA (NEB) in PBS for
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